Abstract-Impact ionization at low drain voltages in n-MOSFETs was investigated employing devices with three different channel-doping profiles. We report an anomalous peak in substrate current ( ) versus gate voltage ( ) characteristics. It is shown that the anomalous peak can not be directly related to any high field region in the device. The measured data is interpreted based on the general nature of electron energy distribution published by Monte-Carlo simulation groups. Strong evidence is provided which suggest that the anomalous peak in versus is due to electron-electron interactions.
I. INTRODUCTION

I
MPACT ionization (II) in silicon n-MOSFET at low drain voltages ( ) have drawn significant interest both from phenomenological and physical perspectives. II is caused by carriers having energy higher than the bandgap energy ( ). Electrons, ballistically transported from source to drain of an nMOSFET, can have energy (where is the elementary charge) plus a small amount corresponding to the source to channel barrier [1] - [3] . In the absence of additional energy gain mechanisms, one would not expect II in nMOSFETs for . Bell-shaped substrate current ( ) versus gate voltage ( ) plots are considered unambiguous signature of II in MOSFETs [4] , [5] . Such plots have been reported in the literature for in nMOSFETs [1] , [5] - [10] . For a given device corresponding to the peak of versus , ( ) was expected to decrease with decreasing [4] . Contrary to such a conventional behavior, Balestra et al. [6] observed that as approaches , increases. Such an anomalous behavior of is also discernible in the data of Hori et al. [7] and Odanaka et al. [11] . We have also made K. G. Anil was with the Institute of Physics in the Faculty of Electrical Engineering at the Universität der Bundeswehr Munich, Germany. He is now is with the Inter University Microelectronics Center (IMEC), 3000 Leuven, Belgium (e-mail: anilkg@ieee.org).
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Publisher Item Identifier S 0018-9383(02)05964-6. similar observations in devices from two different technologies [8] , [9] . Analytical solutions and Monte Carlo (MC) simulations of Boltzmann Transport Equation (BTE) have predicted that electron-phonon interactions (EPI) and electron-electron interactions (EEI) can populate the electron-energy distribution (EED) beyond [1] - [3] , [12] - [17] . According to these results, EED has a tail beyond which depends on lattice temperature ( ) and the tail can be broadened significantly by EEI. When the tail has a slope inversely proportional to , it is called a thermal tail. Ghetti et al. [17] showed that ignoring EEI in simulations can result in significant underestimation of for close to
. Recently, we have also provided experimental verification of the nature of the EED tail [18] .
Even though the tail of EED due to EPI and EEI can explain II for , the origin of the abnormal behavior of at such low is not addressed in the literature. We had speculated that this anomalous behavior can be due to i) EEI and ii) a minor role played by inversion layer quantization [9] . For identical inversion layer charge, quantization result in a higher source to channel barrier height than in the conventional case. The barrier height increases by about 40 meV. Except for these speculations, the anomalous behavior remain unexplained.
In this paper, we present data on impact ionization at low in nMOSFETs with three different kinds of channel-doping profiles. We show that the abnormal behavior of is a manifestation of a distinct peak in versus , which cannot be directly associated with any peak in the lateral electric field ( ). The experimental method presented in [18] to verify the nature of the EED tail is further extended and provide strong evidence to suggest that the anomalous behavior of and hence the anomalous peak, is due to EEI.
II. EXPERIMENTAL DETAILS
n-MOSFETs with different doping profiles along the channel direction are used in this study. Simulated doping profiles are shown in Fig. 1 . Shown in Fig. 1(a) is the doping profile of conventional device structures (CON hereafter). Fig. 1(b) shows the profile of laterally asymmetric Channel (LAC) devices. LAC profile was obtained by a large angle-tilted implant of boron after gate definition. Due to asymmetry, LAC devices can be operated in two modes, forward (FM) and reverse (RM), as defined in the figure. Gate-oxide thickness for both kinds of devices was 3. were employed in the investigations. Details of fabrication and terminal characteristics can be found in [19] . was measured in shielded measurement setups at 77 and 300 K, which have demonstrated measurement sensitivity in the femto Ampere range [9] . Process simulations were performed using ATHENA and drift-diffusion simulations of the devices using ATLAS [20] . Fig. 2 shows versus plots for CON devices of m. Threshold voltages ( ), measured at the respective temperatures were subtracted from . At 300 K, expected behavior with one peak is observed. However at 77 K, two peaks are observed in the plots. The second peak dominates as is reduced. Fig. 3 shows versus plots for LAC devices of m, operated in FM. At 300 K, two peaks are observed in the plots. At 77 K, three peaks are observed. Fig. 4 shows the data for LAC devices of m, operated in FM at 77 K. Three peaks are clearly identified. Three peaks are clearly identified. In this case, a single peak is observed at 300 and 77 K. A careful look suggests that increases as reduces. We have noted that the shape of versus depends on and temperature. dependence was studied by extracting the , at which peaks, , as a function of . In the case of CON devices, the higher of the peaks was chosen in cases where two distinguishable peaks were observed and this value of was designated . In the case of LAC in FM, the first two peaks were treated together for extraction of peak and the corresponding was designated . The third peak was treated separately and the corresponding was designated . measured at the respective temperatures were subtracted from values. shows an abrupt jump signifying the dominance of the second peak (Fig. 2) . At 77 K, for m, shows a gradual increase as the is reduced below 1.5 V. For m, the reversal of is again smooth and is observed at both 300 and 77 K. shows linear behavior. Fig. 8 shows versus for LAC devices of and 1 m, operated in RM. An increase in is observed as is decreased for both at 300 and 77 K. The results so far justify the treatment of the first and second peaks together for extracting . The behavior of repeats for all the three different channel-doping profiles.
III. EXPERIMENTAL RESULTS
At 77 K, a distinct second peak was not observed in versus plots of LAC operated in RM and short channel CON devices ( m). For CON devices of m, the abrupt increase in observed at 77 K is due to the dominance of the second peak in versus , Fig. 2 . For shorter devices, the second peak is not distinctly visible. However, the consistent trends in versus with variations in channel length indicate that the second peak observed for m and gradual behavior for shorter devices are expressions of the same physical mechanisms. The versus trends for LAC operated in RM are identical to that of short channel CON devices. For LAC operated in FM also, the second peak is not distinctly visible for m. At 300 K, even though we have not observed the second peak (according to the nomenclature in Fig. 4 ) distinctly for any of the devices, reversal in was observed. From this discussion we may infer that the reversal in ( for LAC in RM) and the second peak in versus are due to the same physical mechanisms.
A comparison of the behavior presented so far with data available in the literature is instructive. Even though an anomalous increase in is apparent in versus data published in [6] , [7] , [11] , systematic versus plots are not available. In all these studies, device with m were employed. However, versus data suggest a gradual increase of at low . In a previous work [8] , we had presented systematic versus data for devices of m, from a different technology than presented in this work. Trends similar to that in Fig. 6 were reported.
We can conclude that the reversal of ( for LAC operated in RM) at low reported in this work and apparent in the data published in [6] , [7] , [11] are manifestations of a distinct peak in versus .
IV. ANALYSIS
A. Device Simulations
Conventionally observed bell shaped versus plots with single peak are explained as follows [4] . As increases, the inversion layer electron density increases resulting in an increase in drain current ( ). However, the peak decreases with increasing , which reduces the fraction of channel electrons with energy higher than . The peak in versus is the point where the increasing number of electrons and the decreasing field heating balance.
The picture given previously is true for conventional device structures in which there is only one high-field region near the drain. However, weak gate-to-source overlap, due to processing issues like offset gate and gate birds beak, can result in two high field regions in the device [21] , one high-field region near the drain and another near the source which can cause two peaks in versus . This effect is also known to be more severe as the is reduced.
Process simulations have shown that the CON devices have good gate-to-source (drain) overlap. Weak gate-to-source (drain) overlap is known to cause asymmetric characteristics. CON devices used in this study have very good symmetric characteristics [19] . To further verify that the second peak in versus cannot be directly related to any peak in , we have performed drift-diffusion simulations of the operation of the devices.
Simulated profiles for devices of m for V and V at 300 K are shown in Fig. 9 . Similar distributions were also obtained at 77 K. In the case of CON and LAC operated in RM, there is only one highfield region which is near the drain. However, LAC operated in FM has two high field regions, one near the source and the other near the drain. This case (intentionally) emulate weak gate-to-source overlap devices with respect to distribution. We would expect two peaks in versus . However, we have seen two peaks at 300 K and three peaks at 77 K (Fig. 4) . From any consideration, a third peak is not anticipated in . Therefore, one of the peaks in versus cannot be directly related to any high field region.
B. Correlating the Abnormal Peak To EEI
We show that the reversal in and hence the second peak in versus can be correlated to the broadening of EED tail by EEI. For this purpose we extent the method developed in [18] to verify the nature of the tail of EED.
We consider CON devices in which there is only one highfield region. We have already noted that, conventionally, versus has a bell shape with a single peak because, as is increased, increases whereas the population of EED beyond decreases. This implies that should decrease with increasing [4] . It is also known that represents the ensemble average of the microscopic II rate [22] . Fig. 10 shows versus plots for CON devices of m for and 1.1 V. For this range of , at 77 K is lower than at 300 K due to the increase in [2] , [17] . The conventional picture of a decrease in with increasing holds only for . For V (nominally below ), increases with increasing for below and near . Since for this value of , only the tail of EED contributes to II, increase in with signifies an increase in the population of the tail of EED with increase in . Since the electron density is low for , EEI are suppressed and the significant suppression of in this regime points to the presence of a tail that depends strongly on . As the electron density increases, EEI become more frequent, which results in a broadening of the tail and consequent increase in . This interpretation is consistent with the general nature of the tail of EED predicted by MC simulations [2] , [17] .
For V, the difference in temperature sensitivity of for the two regimes, and is not as drastic as for V. This is because the contribution of the tail of the EED to II become less significant as increases. This suggest that the temperature sensitivity of in the two regimes can be used to find out the range for which the tail is important. Fig. 11 shows the step by step correlation of the reversal in to the EED tail. Fig. 11(a) shows versus for typical voltages in the two regimes discussed in the previous paragraph. For V, decays much faster below V at 77 K than at 300 K. However, for V, the decay of is similar at both temperatures. A comparison of the data in Fig. 11(a) with the data (Figs. 3  and 5 ) of Ghetti et al. [17] is instructive. MC simulations without EEI showed that decayed much faster at 77 K than at 300 K for V. They attributed it to the contribution of thermal tail to II. When EEI was included in the simulations, the decay of was not as sensitive to temperature due to the temperature insensitivity of the EEI process. They commented that, "this decay (of ) is a sensitive probe of the high-energy tail of the distribution function (EED)." regime in our case is equivalent to turning off (turning on) EEI The temperature sensitivity of is revealed more clearly when the ratio is plotted, as shown in Fig. 11 (b) The two regimes deviate significantly for V. This suggest that the tail of EED contribute significantly to II for V for CON devices of m. Fig. 11(c) shows the behavior of for the same device. At 77 K, reverses for V. We have already identified that the tail of EED contributes significantly to II in this range of . At 300 K, the reversal in occurs for V. This should be expected for two reasons: i) thermal tail is narrower at 77 K than at 300 K and hence the EEI broadening of the tail is more visible at 77 K and ii) K K and hence the contribution of the tail is visible for larger at 77 K. Also note that for V is nearly flat for V. For this range of , EEI dominates the tail at both the temperatures. These observations strongly suggest that the reversal in and hence the second peak in versus is due to EEI broadening of the EED tail.
A more detailed quantitative analysis of the data would require a sophisticated simulation tool which i) includes EPI and EEI models; ii) converges in the subthreshold regime, for the difference between and regimes is a key point in our analysis; and iii) includes models for inversion-layer quantization. EEI can be overestimated if quantization effects are ignored. MC simulation technique has poor convergence for . In MC simulation data available in the literature, is prefered over for low , because the later contains significant noise [3] , [17] . Consequently, the weak second peak may be overwhelmed by simulation noise.
V. CONCLUSIONS
In this work, we have addressed the issue of an unexplained reversal in the behavior of as approaches . By employing sensitive measurements in CON and LAC devices, it is shown that the reversal in is a manifestation of an anomalous peak in versus . The use of specially designed LAC devices have enabled us to i) verify the observations across three different device structures and ii) exclude the possibility that the anomalous second peak is a consequence of undetected processing issues. Measured data is interpreted based on the general nature of the tail of EED predicted by MC simulation groups. The general nature is independent of the details of implementation of scattering models and simulation noise. We have presented strong evidence to suggest that the anomalous second peak is due to EEI. Since the broadening of the EED tail discussed in this work is a direct consequence of increasing channel electron density, the EEI in question is most likely of short-range nature.
